The allocation of liver grafts from hepatitis C virus (HCV)-positive donors in HCV-infected liver transplant (LT) recipients leads to infection with two different viral populations. In a previous study, we examined quasispecies dynamics during reinfection by clonal sequencing, which did not allow an accurate characterization of coexistence and competition events. To overcome this limitation, here we used deep-sequencing analysis of a fragment of the HCV NS5B gene in six HCV-infected LT recipients who received HCV-infected grafts. Successive expansions and contractions of quasispecies complexity were observed, evolving in all cases towards a more homogeneous population. The population that became dominant was the one displaying the highest mutant spectrum complexity. In four patients, coexistence of minority mutants, derived from the donor or the recipient, were detected. In conclusion, our study shows that, during reinfection with a different HCV strain in LT recipients, the viral population with the highest diversity always becomes dominant.
Hepatitis C virus (HCV) chronic infection is the leading indication for liver transplantation (LT) in the Americas, Europe and Japan. One strategy to overcome donor shortage is the use of grafts from extended-criteria donors, such as HCV-positive donors. In these particular cases, the competition between donor and recipient viral populations leads to the dominance of one strain over the other and, eventually, to the exclusion of the non-dominant strain (Fan et al., 2003; Laskus et al., 1996; Ramírez et al., 2009 ). This observation is in agreement with the competitive exclusion principle, which states that when two species compete for limited resources, one species will eventually outcompete the other and become dominant in the population (Domingo et al., 1996; Gause, 1932; Hardin, 1960) .
The interplay between different viral populations in the LT setting has been studied previously by our group and others using low-sensitivity techniques, which limits the study of the kinetics of the competition and the coexistence of minor viral populations (Fan et al., 2003; Laskus et al., 1996; Ramírez et al., 2010; Vargas et al., 1999) . The demonstration of coexistence of viral variants is an intriguing and relevant question, as changes in selective pressures, (i.e. during antiviral treatment with new antivirals), might facilitate the emergence of divergent coexisting minority IP: 54.70.40.11
On: Mon, 07 Jan 2019 09:17:29 subpopulations, which could exhibit different sensitivity to direct-acting antivirals (Bartels et al., 2008 (Bartels et al., , 2013 Le Pogam et al., 2008) .
In the present study, we used ultradeep pyrosequencing (454 GS-Junior and GS-FLX+platforms; Roche) to characterize HCV reinfection events with good resolution in six patients who underwent LT for HCV-related cirrhosis and received grafts from HCV RNA-positive donors (Ramírez et al., 2010) . Donor-recipient pairs from cases 1, 3, 4, 5 and 6 were infected with the same HCV genotype and subtype (1b), whereas in case 2, the donor was infected with subtype 1b and the recipient with genotype 1a. The baseline characteristics of the patients have already been published and are summarized in Table S1 , available in the online Supplementary Material (Ramírez et al., 2010) .
We conducted a phylogenetic analysis of the NS5B region (nt 8280-8618, according to isolate H77, GenBank accession no. AF009606) in sequential serum samples collected before and at multiple time points after LT, starting on day 1. Amplification products were massively sequenced using 454/GS-Junior (three runs) and GS-FLX+ (one run) platforms using titanium chemistry (GS-Junior Titanium Sequencing kit; Roche), as described previously (Quer et al., 2015) . Ultradeep pyrosequencing of the samples yielded a total of 1 131 189 raw reads, and 665 374 (58.8 %) of these accounted for haplotypes that passed the quality filters. Of these, 357 303 reads (31.6 %) belonged to haplotypes with abundance above 1 % in the respective population, with a mean coverage of 6871 reads per sample (Supplementary Methods and Table S2 ) (Gregori et al., 2013 (Gregori et al., , 2014 . The viral quasispecies complexity of each sample was computed from these filtered haplotypes by means of the nucleotide diversity and mutation frequency (Table S3) . When comparing the nucleotide diversity of the donor and recipient populations at the time of LT, we observed that the most diverse population outcompeted the other and prevailed in the long term (Table 1) . In patients 1, 3 and 5, the donor population outcompeted the recipient virus immediately after LT, whereas in cases 2, 4 and 6, the recipient virus overtook the donor's between 1 week and 4 months of virus coexistence.
A phylogenetic analysis of viral populations from every donor-recipient pair was performed to further characterize the quasispecies evolution after LT. Haplotype similarity to donor and/or recipient quasispecies was represented as similarity bar plots and unweighted pair group method with arithmetic mean (UPGMA) phylogenetic trees and genetic distances among sequential samples were visualized by multidimensional scaling and hierarchical clustering (Felsenstein, 2004; Rencher, 2002 ) (see Supplementary Methods for details).
In case 1, the donor population took over the recipient virus the first day after LT and prevailed thereafter. Analysis of sequential samples pointed to an evolution around the donor baseline population (Fig. 1) . Globally, viral samples following LT were more similar to the donor population than to the recipient population. The only exception was a haplotype observed at 4 months, which clustered with the recipient haplotypes, revealing the coexistence of donor and recipient variants at that point. In terms of viral dominance, similar results were observed for cases 3 and 5 (Figs S1 and S2, respectively), except that all sequences from the samples obtained after LT clustered with the donor and no coexistence of minor variants was observed.
Case 2 involved the transplant of a liver infected with HCV genotype 1b into a patient infected with HCV genotype 1a (Fig. S3) . The donor strain was found transiently as dominant from day 1 and throughout the first month after LT. Between months 1 and 4, there was a sharp transition from a population dominated by genotype 1b to a population dominated by genotype 1a, suggesting that the recipient virus overtook the that of the donor. Unexpectedly, no haplotypes from subtype 1a (recipient) were observed during the first month, and no haplotypes of subtype 1b (donor) were observed thereafter. In contrast, in case 4, HCV quasispecies showed a smooth transition from the donor towards the recipient population, with clear expansions and contractions of viral complexity, resulting in a more homogeneous population (Fig. 2) . During the first week after LT, donor and recipient viruses coexisted. Beyond the first month, no haplotypes from the donor were detected, and the recipient virus outcompeted that of the donor and became dominant.
In case 6, viral complexity was much higher in the recipient than in the donor. During the first month, a population similar to that of the recipient notably contributed to an increase in quasispecies diversity. Similarity analysis showed that viral evolution started with dominance of the recipient population, followed by a transition to the donor population between months 1 and 4 after LT (Fig. S4) . Nevertheless, multidimensional scaling and hierarchical clustering analyses pointed to an evolution from the recipient population towards the donor population. Interestingly, a sudden collapse to a quasispecies with very low variability was observed at month 4 after LT, with a dominant haplotype that persisted thereafter. In the six patients, a situation of in vivo competition between two HCV populations was created: the donor population, which should be well adapted to the liver graft, and that of the recipient, which would be expected to infect the implanted liver from the circulation. In this scenario, one would anticipate that the donor virus would have a clear advantage over the recipient virus regarding replication within the graft. Nevertheless, our results showed that this was only the case in half of the patients (cases 1, 3 and 5), where the donor virus persisted and the exclusion of the recipient strain took place during the first 24 h after LT. Interestingly, in case 1, the recipient virus was detected at month 4 after LT, indicating that the two populations coexisted for a minimum of 4 months. Conversely, in cases 2, 4 and 6, the recipient virus prevailed, although the dominance was noted between 1 week and 6 months after LT, suggesting that the donor virus was well adapted to the graft and that the recipient virus required some time to adapt to the implanted liver and exclude the donor virus. A similar situation was reported in HCV RNA-positive patients receiving transfusions from HCV RNA-positive blood donors, in which the virus from the contaminated blood excluded the recipient virus (Eyster et al., 1999; Herring et al., 2004; Laskus et al., 2001 ).
The most important observation was that the viral population that finally prevailed was the one with the highest genetic diversity at the moment of LT, when viral competition started (Table 1 and Fig. S5) . A greater quasispecies complexity can be explained, at least in part, by a higher rate of replication or fitness within a host (Domingo et al., 2012) . Although the donor virus is already adapted to the liver, it seems that HCV per se is capable of acquiring fitness and overcoming environmental changes regardless of previous situations. An interesting possibility is that the capacity of the virus to produce a broad-mutant spectrum prevails over the prior adaptation to the cognate liver regarding the prospects of population dominance (Farci, 2011) .
Following LT, we observed that there were successive expansions and contractions of genetic complexity, preceding a homogenization of the quasispecies, which was particularly important in patients 4 and 6 ( Figs S5 and S6) . Notably, despite the very different competing populations, patient 2 maintained a comparatively low complexity during the 7 years of follow-up. This suggests that viral evolution during infection does not cause a linear accumulation of mutations as proposed by the molecular clock hypothesis (Zuckerkandl & Pauling, 1962) . Rather, viral adaptation to unpredictable changes in the environment may result in expansions and contractions or alternating periods of rapid evolution followed by periods of stability (punctuated equilibria), as reported previously for other RNA viruses such as vesicular stomatitis virus and foot-and-mouth disease virus (FMDV) (Nichol et al., 1993; Novella et al., 1996; Ojosnegros et al., 2008; Perales et al., 2011; Quer et al., 1996) . It must be emphasized that, in the LT setting, patients are strongly immunosuppressed in order to prevent organ rejection. Previous studies have shown that immunosuppression influences viral evolution by favouring the emergence of a more homogeneous quasispecies not only in LT recipients but also in human immunodeficiency virus (HIV)/HCV-co-infected patients and in subjects with agammaglobulinaemia (Feliu et al., 2004; Gaud et al., 2003; Hughes et al., 2004; Mao et al., 2001; Ohtsuru et al., 2013; Schvoerer et al., 2007 ).
An interesting discussion point of the present study is the distinction between competitive exclusion among competing viral populations and the possibility of superinfection exclusion that would require that the recipient virus infected the graft cells already infected by the donor HCV. While we cannot exclude that some cells may indeed exert superinfection exclusion, it is unlikely to play a major role in the observed dynamics, as estimates are that the proportion of infected cells in the liver is less than 50 % (when viral load is ,7 log IU ml
21
) (Mensa et al., 2013; Wieland et al., 2014) . Thus, it is likely that HCV from the recipient finds naïve donor hepatocytes, 
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without the need to overcome a superinfection exclusion barrier. This would be in agreement with the competitive exclusion principle, which operates when two viral populations of comparable fitness infect the same population without necessarily involving coinfection of the same cells (Clarke et al., 1994) . In such competition, the two viral populations may coexist for many generations until one of the populations outcompetes the other, an effect attributed to the chance of occurrence of a fitness-enhancing mutation in one of the competitors.
In conclusion, the results reported here suggest that fitnessenhancing mutations may play a role in HCV dynamics during competition with a different HCV strain in the LT. Likewise, the viral population with the highest diversity (either the donor's or the recipient's) has a competitive advantage to exclude the other and become dominant. However, we cannot rule out that the excluded virus may remain as a minority population (even after 1 year) and could emerge whenever any changes in environmental conditions appear. The persistence as minorities of genomes that were previously dominant agrees with the concept of quasispecies memory documented previously with FMDV and HIV-1 Ruiz-Jarabo et al., 2000) . A molecular memory in viral quasispecies constitutes an additional adaptive strategy to respond to repeated selective constraints.
